Postsynaptic GABAergic inhibition has been widely by pairs of brief sounds presented at intervals from considered the most likely mechanism for cortical fortens to hundreds of milliseconds. We find that inhibiward suppression (Brosch and Schreiner, 1997; Calford tory conductances rarely last longer than 50-100 ms, and Semple, 1995; Tan et al., 2004), so much so that whereas spike responses and synaptic inputs remain the term "inhibition" has sometimes been used intersuppressed for hundreds of milliseconds. We conchangeably to refer both to the phenomenology of forclude that postsynaptic inhibition contributes to forward suppression and to the underlying mechanism. ward suppression for only the first 50-100 ms after a However, the hypothesis that long-lasting GABAergic stimulus and that intracortical contributions to longinhibition is responsible for forward suppression has lasting suppression must involve other mechanisms, We find that inhibitory conductances rarely last longer are perceptually grouped together into a single object than 50-100 ms, whereas spike responses and synaptic or not, a process known as auditory stream segregation inputs remain suppressed for several hundred milli-(Bregman, 1990). Temporal separation even determines seconds. Thus, synaptic inhibition is unlikely to play a whether the second in a pair of sounds is perceived at role in forward suppression beyond the first 100 ms afall, a phenomenon known as forward masking (Moore, ter a stimulus. We conclude that intracortical contribu-1995).
tervals, about half of the cells (7/12) showed long-lastthis question, we recorded intracellularly in vivo from 122 cells in A1 using the whole-cell patch-clamp teching suppression (i.e., P2/P1 < 1) at an interval of 256 ms, whereas the other half (5/12) showed transient fanique. Specifically, we wanted to test the hypothesis that long-lasting inhibition is responsible for the supcilitation at longer intervals (i.e., P2/P1 > 1 at 256 ms, see Experimental Procedures). Because we were interpression of firing seen in Figure 1 . To measure directly the inhibitory synaptic conducested in the mechanisms underlying forward suppression, we restricted our analysis to cells showing suptances elicited by pairs of clicks, we decomposed click-evoked responses into their underlying excitatory pression at all intervals. The population mean for these suppressed cells is shown in Figure 1B . terms. We will use forward masking to refer to the For any holding potential, synaptic currents were psychoacoustic perceptual phenomenon. We will use suppressed with a time course similar to that of spiking suppression to refer to phenomenology: the observed activity. This suggests that a lack of synaptic input, reduction in an auditory response. We will use inhibition rather than a persistent inhibitory current, is responsito refer to one candidate mechanism for this suppresble for the suppression of firing. This can be seen dision: GABAergic inhibition, arising from postsynaptic rectly from the synaptic conductance waveforms for activation of either GABA A or GABA B receptor-gated this cell ( Figure 2C ), which were extracted from the synchannels. Finally, we will use the term synaptic depresaptic currents ( Figure 2B , see Experimental Procedures sion to refer to the reduction in synaptic drive resulting for details). Inhibitory conductances elicited in this cell from a decrease in synaptic release probability during by clicks were brief (<100 ms; Figure 2C , red curves), fast trains of inputs (Koch, 1999). We note that synaptic yet the total evoked synaptic conductance (i.e., both depression may arise in part from activation of presynexcitation and inhibition) remained suppressed for hunaptic GABA B receptors, which acts to decrease synapdreds of milliseconds. In this example, synaptic inputs tic release probability.
had only recovered about halfway (57%) by 512 ms, the longest interval presented ( Figure 2D ). This long-lasting suppression, therefore, cannot be due to a long-lasting Suppression of Synaptic Conductances What are the mechanisms responsible for the suppresinhibitory conductance in this cell. This example was typical. Across the population, half sion of firing observed after the first click? To address Figure 2E ), synaptic currents and conductances elicing inhibition in any cortical cell indicates that long-lasting suppression is not caused by long-lasting synaptic ited by the second stimulus were suppressed long after inhibitory currents elicited by the first stimulus had deinhibition at the cortical level. We conclude that longlasting suppression in the auditory cortex is either incayed. Inhibitory conductance (population mean) decayed to 10% of peak amplitude within 105 ms after herited from thalamic inputs or generated by synaptic depression at thalamocortical or intracortical synapses. stimulus onset and decayed from 90% to 10% of peak amplitude with a time constant of 82 ms (n = 122 cells), whereas synaptic conductances typically remained Prolonged Inhibition and Barbiturates Although the decomposition shown in Figure 2 represuppressed for hundreds of milliseconds, and this suppression lasted longer than our longest interval of 512 sents one of the first systematic measurements of synaptic inhibition during forward suppression (i.e., during ms in 41/61 cases.
We therefore conclude that the long-lasting supprespairs of closely separated stimuli), inhibitory synaptic conductances evoked by isolated pure tones in A1 neusion of firing we and others have observed (Figure 1) Figure   ( i.e., the P2/P1 ratio was greatly decreased) for intervals up to 128 ms.
3A
) and was associated with dramatically increased forward suppression (a 66% reduction in the P2/P1 ratio, Figure 3B ). Inhibitory duration was similarly inand Zador, 2003) that tone-evoked inhibitory conductances had a duration of 50-100 ms, similar to the duracreased in all cells held through intraperitoneal injection. On average, the time constant of inhibitory decay tion of tone-evoked excitatory conductances. In contrast, Tan and colleagues reported large inhibitory conducincreased by 643% ± 165% (n = 4 cells, mean ± SEM). We conclude that the prolonged inhibitory conductances with much longer durations (several hundred milliseconds), which far outlasted the excitatory conductances reported by Tan and colleagues are likely due to pentobarbital anesthesia and are unlikely to account for tances they measured (by 450%). They suggested that this long-lasting inhibition could be responsible for forforward suppression under other conditions. ward suppression of cortical spiking responses and possibly even the perceptual phenomenon of forward Contribution of GABA B Although we never observed long-lasting inhibitory masking.
Although the methods we used for measuring synapconductances, it is important to note that QX-314-included in the internal solution to block voltagetic conductances are similar to those used by Tan and colleagues, one important difference is the anesthesia dependent conductances and thereby improve isolation of synaptic inputs-has also been reported to used. In both our previous work and in the present study, we used ketamine anesthesia, whereas Tan We therefore recorded responses to isolated tones at the optimal frequency, either with or without QX-314 We therefore wondered whether the longer inhibitory durations reported by Tan and colleagues might have in a potassium-based internal solution. Cells recorded without QX-314 showed a small, slow inhibitory conbeen due to the use of pentobarbital anesthesia.
To address this question directly, we measured synductance change, which lasted 200-300 ms after stimulus onset and had a peak amplitude of 1.5 ± 2 nS aptic conductances evoked by click pairs in single neurons in ketamine-anesthetized animals before and after (mean ± SD), or 12% of the fast evoked synaptic conductance change (n = 17 cells). Cells recorded with QXsystemic administration of pentobarbital. In this way, we could directly monitor the effect of pentobarbital on 314 showed no such slow inhibitory conductance change in response to the same stimuli (peak amplitude inhibitory conductances. In four neurons, we completed the protocol for measuring conductance before 0.2 ± 0.4 nS, or 1.7% of the fast evoked conductance change, n = 9 cells). and after the addition of pentobarbital.
Pentobarbital dramatically prolonged evoked inhibiWe wondered whether this small, slow inhibitory conductance could account for the profound forward suptory conductances within 4-5 min after injection (Figure  3 ), leading to inhibitory conductances with a time pression we observed. To test this directly, we recorded responses to click pairs (without QX-314 in the pipette) course comparable to that reported by Tan and colleagues. For the cell shown in Figure 3A , the time conbefore and after application of the selective GABA B antagonist 2-hydroxysaclofen to the surface of the cortex. stant of inhibitory decay increased 242%, from 56 ms to 135 ms. The prolonged inhibition caused by pentoIf a GABA B -mediated inhibitory conductance was responsible for suppression, then blocking it would be barbital led to a profound enhancement of the suppression observed with pairs of clicks. At an interval of 128 expected to relieve the suppression and increase the P2/P1 ratio. Instead, we saw the opposite: blocking ms, inhibition had completely decayed under ketamine,
Subcortical Contribution to Forward Suppression
We have concluded that long-lasting suppression of firing in cortical neurons is caused by a suppression of the synaptic inputs they receive. This suppression could be due to synaptic depression (at thalamocortical or intracortical synapses) or could be inherited (directly or indirectly) from thalamic response properties. The cortical neurons in our sample were presumably a mixed population of cells, some of which did and some of which did not receive direct monosynaptic thalamic input. Thalamic neurons have previously been reported to have temporal response properties that are twice as fast as cortical cells (Miller et al., 2002) and to follow periodic stimuli at much higher rates than cortical neurons (Creutzfeldt et al., 1980). This suggested that forward suppression in cortical cells was unlikely to be inherited from thalamic inputs.
To confirm this in our preparation, we used the cell- at an interval of 64 ms was significantly faster than that for cortical units ( Figure 6B , p < 0.05, Mann-Whitney). Nevertheless, the two distributions showed some overlap, so that the slowest thalamic neurons were slower GABA B caused a consistent decrease in the P2/P1 ratio than the fastest cortical neurons. (Figures 4A and 4B) . In other words, GABA B blockade enhanced forward suppression. Hydroxysaclofen also Discussion increased P1 amplitude as much as 2-fold ( Figure 4A , mean increase was 27% ± 21%, n = 6 cells, mean ± In the auditory cortex, brief sounds elicit a powerful SEM) and increased input resistance by 21 ± 12 M⍀ (or suppression of responsiveness that we refer to as for-52% ± 27%, n = 4 cells). Because GABA B blockade ward suppression (also sometimes called forward enhanced forward suppression, it seems unlikely that a masking). Forward suppression can last hundreds of long-lasting postsynaptic GABA B inhibitory component milliseconds and can be observed both at the level of makes a substantial contribution to forward suppression. spiking output and at the level of the underlying synaptic inputs. Here we have tested the hypothesis that the mechanism responsible for forward suppression is a Preferential Suppression of Inhibition In the majority of cells, the ratio of excitation to inhibilong-lasting GABAergic inhibition induced by the first sound. We measured the excitatory and inhibitory syntion was the same on both the first and second clicks. That is, both excitatory and inhibitory synaptic inputs aptic conductances elicited by brief sounds presented at intervals from 32 to 512 ms. We found that both the were equally suppressed and recovered with a parallel time course. In an intriguing subset (22/122 = 18%) of excitatory and inhibitory components of the synaptic drive recovered from suppression in parallel, with a cells, however, inhibition appeared to be much more strongly suppressed than excitation. This can be seen similar time course. Moreover, the inhibitory conductance elicited by the first tone typically lasted 50-100 directly in the synaptic currents ( Figure 5A shows an example), where at depolarized holding potentials the ms, whereas the suppression of the response to the second tone could last 500 ms or longer. Our main first click evokes a net outward current, whereas the second click evokes a net inward current. Thus for conclusion is that GABA-mediated inhibition does not play a major role in forward suppression beyond about this cell, the apparent net synaptic reversal potential changed dramatically on the second click, leading to a 100 ms. Our results also reconcile conflicting intracellular evistrong decrease in the estimated inhibitory conductance ( Figure 5B) . Thus, our estimate of the ratio of exdence about the role of long-lasting inhibition in forward suppression. Several studies have reported that citation to inhibition (g e /g i ) increased dramatically during the extent of forward suppression for this cell tone-evoked inhibition decays much too rapidly (within 50-100 ms) to account for the long time course of for-( Figure 5C ). We never observed the opposite, i.e., preferential suppression of excitation. This suggests that, ward suppression (De Ribaupierre et 
account for the long time course of forward suppreswhich is maximal immediately following the first stimulus (Varela et al., 1997), is likely to make a strong contrision (Tan et al., 2004; Volkov and Galazyuk, 1992).
Here we have shown that, under barbiturate anesthesia, the bution to this suppression. Other mechanisms, however, may also be involved at these short intervals. The GABA A -mediated chloride conductance is markedly prolonged (643%) and contributes considerably to forsynaptic inhibition evoked by the first click typically lasts 50-100 ms and most likely reduces the response ward suppression. In the absence of barbiturate anesthesia, however, the GABA A -mediated conductance is to the second click. In addition, at short intervals (<100 ms), thalamic units ( Figure 6B ) and even auditory nerve unlikely to contribute to long-lasting forward suppression.
fibers ( tance. Taken together, these observations argue against a major role for postsynaptic GABA B receptors in forlow). Moreover, although some thalamic units showed forward suppression with a time course similar to that ward suppression. In addition to increasing forward suppression, hyseen in cortex, the population of thalamic units recovered much more quickly than cortical cells, sugdroxysaclofen application also increased P1 (the amplitude of the response to the first click). We speculate gesting that inheritance of thalamic response properties is unlikely to fully account for long-lasting forward that this increase in P1 results from blockade of presynaptic GABA B receptors; in vitro, GABA B receptor activasuppression in the cortex.
At shorter intervals (<100 ms), responses were almost tion causes a decrease in synaptic release probability (Deisz and Prince, 1989). We further speculate that it is always completely suppressed. Synaptic depression, the increase in P1 that is in turn responsible for the synapses. The resulting increase in the electrotonic distance of synaptic inputs would cause an apparent observed increase in forward suppression (decreased P2/P1 ratio). This is consistent with in vitro studies change in the net synaptic reversal potential (Spruston et al., 1993). At present, we cannot distinguish between showing that P1 and P2 (here interpreted as synaptic release probability on the first and second pulse in a these two possibilities, but we note that neither can the soma itself. Thus, the effect of this phenomenon on pair, respectively) are inversely correlated (Dobrunz and Stevens, 1997), so that increasing P1 decreases P2 and spike initiation in the soma will be identical-a decrease in relative inhibition-regardless of the underlythereby increases synaptic depression. Thus, if the hydroxysaclofen-induced increase in P1 seen in vivo is ing causes in the location and composition of synaptic inputs. indeed the result of increased release probability, then the enhancement of forward suppression is the exThis effective decrease in inhibition for the second click would be expected to increase the spiking repected result and is due to an enhancement of synaptic depression.
sponse evoked by the second click. This increase could propagate through the cortical circuit and conWe also note an intriguing difference between the effect of GABA B receptor antagonists in vivo, where they tribute to the facilitation of both spiking outputs and synaptic inputs that we observed in a subset of cells. increase P1, and in vitro, where in the cortical slice preparation they have no effect on P1 (Gil et al., 1997) .
Thus, response facilitation may be due not just to synaptic facilitation (Castro-Alamancos and Connors, 1996), One possible explanation is that in vivo, GABA B receptors are tonically activated by residual or background but to a relative decrease in the effective level of inhibition as well. GABA. Persistent activation of presynaptic GABA B receptors would tonically depress release probability at Although forward suppression of cortical responses may play a critical role in perceptual forward masking, cortical synapses; blockade of presynaptic GABA B receptors by hydroxysaclofen would relieve this depresthe precise relationship between these phenomena is not yet clear. Because forward suppression can last sion and increase the response to an isolated stimulus ( Figure 4A ). Tonic activation of postsynaptic GABA B much longer than perceptual forward masking, it seems likely that long-lasting suppression also affects related receptors might also explain the increase in input resistance that we observed following application of perceptual phenomena such as auditory stream segregation and rhythm perception. The relationships behydroxysaclofen. In vitro, there is presumably no residual GABA B receptor activation, so P1 is unaffected by tween these perceptual phenomena, and the neural correlates underlying them, remain to be elucidated. ), indicating division of the medial geniculate body, as determined by latency (<16 ms) and V-shaped frequency response areas. In addition, we that the distribution of facilitation and suppression reflects true underlying variability in the population. Because facilitation and supfilled a subset of thalamic cells by electroporation (by including 0.5 mM Alexa 594, a fluorescent dye, in the pipette) and recovered pression tended to cancel each other out in the population mean across all cells, however, we excluded facilitated cells from our morphology and position using standard histological methods. We recovered one cell that showed strong forward suppression and population analysis of suppression. For longer trains of clicks, we often also observed a transient facilitation at these intervals, which was clearly located in the ventral subdivision. Thus, the distribution we observed in the strength of forward suppression ( Figure 6B) was inevitably overwhelmed by suppression within a few clicks (data not shown), consistent with previous reports (Eggermont and cannot be solely accounted for by cells being located in different thalamic subdivisions (Calford and Webster, 1981). In other words, Smith, 1995). Thus, facilitation, while seen for click pairs in half the cells we recorded from, is not present in steady-state responses to at least some neurons in the ventral division of the medial geniculate body show long-lasting forward suppression.
repetitive stimuli. We computed series resistance from the peak current transients Because we used a variety of recording technologies, stimuli, and pharmacology, we briefly summarize here the numbers of cells by taking the average across each group of ten pulses and taking the median of those averages over an entire stimulus protocol. We recorded under different conditions. We recorded extracellularly (using cell-attached methods) from 12 neurons in auditory cortex did not use online series resistance compensation. We corrected holding potentials for a calculated liquid junction potential (Barry, (area A1) and 11 neurons in auditory thalamus (MGB). Of these 12 cortical neurons, 7 showed forward suppression and were there-1994) of 12 mV. We computed total synaptic conductance, corrected for series resistance, assuming an isopotential neuron as fore included in the analysis of suppression. We recorded intracellularly (using whole-cell methods) from 122 neurons in auditory cordescribed previously (Wehr and Zador, 2003). Essentially, total synaptic conductance is given by the regression slope between synaptex, presenting click pair stimuli. Of these, 61 neurons showed forward suppression and were therefore included in the analysis tic currents and holding potential ( Figure 2B ). We then decomposed total synaptic conductance into excitatory and inhibitory of suppression. We reanalyzed an additional 26 neurons ( 
